Small core As 2 Se 3 -based photonic crystal fibers (PCFs) are accurately characterized for compact, high power, ultrabroadband, and coherent supercontinuum generation within few millimeters fiber length. Bandwidths of ∼5.3 m, 5 m, and 3.2 m were calculated for hole-to-hole spacings Λ = 3.5 m, 4.5 m, and 5.5 m, respectively. The spectral broadening in the chalcogenide PCF is mainly caused by self-phase modulation and Raman-induced soliton self-frequency shift. The results show that small core As 2 Se 3 PCFs are a promising candidate for mid-IR SCG up to ∼8 m.
Introduction
Supercontinuum generation (SCG) brings into play the nonlinear effects of Kerr and Raman, in combination with dispersion profiles of optical fibers, to broaden the bandwidth of an optical signal [1, 2] . Silica fibers have been the main source of SCG to date [3] . However, the longest wavelength that can be generated in silica fibers is below 2.5 m due to material losses. Thus, SCG beyond this wavelength requires fibers with longer infrared (IR) transmission windows, along with an appropriate choice of dispersion and nonlinearity [4, 5] . Midinfrared photonics is seeing an increasing number of applications across a variety of disciplines such as astronomy and spectroscopy [6] . Price et al. [7] have shown theoretically that it is possible to generate a mid-IR supercontinuum from 2 to 5 m using a bismuth-glass photonic crystal fiber (PCF). Domachuk et al. [8] have experimentally generated a mid-IR supercontinuum with a spectral range of 0.8 to 4.9 m using a tellurite PCF with the same structure. Shaw et al. have reported experimental work that demonstrates supercontinuum generation from 2.1 to 3.2 m in an As 2 Se 3 -based chalcogenide PCF with one ring of air holes in a hexagonal structure [9] . Hu et al. presented results of optimization of the SC bandwidth in an As 2 Se 3 -based PCF [10] . Compared to tellurite glass, chalcogenide glasses have shown their greater interest because of their larger refractive index and higher nonlinear index, leading to a greater modal confinement and a higher nonlinearity [11, 12] . In a recent paper, we studied SCG in one specific As 2 Se 3 -based PCF structure having a hole diameter = 1.26 m and a hole-to-hole spacing Λ = 1.77 m [13] . However, such a study remains incomplete because it does not answer the question how a specific set of values for various dispersion coefficients can affect the generated bandwidth of the SC.
In this paper we identify specific dispersion profiles and correlate them with generated SC bandwidth. Our numerical simulations indicate that designed dispersion profile of the PCF is an excellent predictor of the generated bandwidth of the supercontinuum produced at the fiber output. We study a variety of As 2 Se 3 dispersion profiles of PCF and their impact on SC generation in detail. This is the first time to our knowledge that SC generation is investigated in As 2 Se 3 -based PCF with Λ ranging from 3.5 to 5.5 m. A full modal analysis of the optical properties of the designed PCFs is presented in terms of chromatic dispersion, effective area, and nonlinear coefficient. We find broad-bandwidth, 2 International Journal of Optics mid-IR, flat SC generation using few millimeters length of highly nonlinear As 2 Se 3 -based PCF. We find that Ramaninduced soliton self-frequency shift effect is responsible for the generation of more than three octaves SC in As 2 Se 3 -based PCF with /Λ = 0.4 and pitch varying from 3.5 m to 5.5 m.
Characterization of Optical
Properties and Nonlinear Response of Different As 2 Se 3 -Based PCF Structures
The solid-core PCFs used in the numerical analysis reported in this paper have a hexagonal geometry. In our study, we optimize the PCF geometry over the single parameter of the air-hole pitch Λ and we choose different designed PCFs with Λ = 3.5 m, 4.5 m, 5.5 m, and /Λ = 0.4. This value of the /Λ ratio has been chosen in order to guarantee the single mode operation of the PCF and minimize the leakage loss. It is advantageous to maximize /Λ in order to decrease the effective index of the cladding material and consequently enhance the nonlinearity and the modal confinement. The first step in calculating the growth of the SCG is the determination of the chromatic dispersion and the nonlinear response which are needed to solve the generalized nonlinear Schrodinger equation (GNLS) [14] . Since our objective here is SC analysis mainly in the IR region, the chalcogenide PCF is a preferred choice leading to the investigation of the corresponding generated SC in As 2 Se 3 glass which has very high nonlinear coefficient. In fact, chalcogenide glass exhibits wide bulk transparency (2-14 m), high refractive index, and large nonlinearity in the mid-IR spectrum [11] . Figure 1 shows the selection of the calculated dispersion profiles of the designed PCF. The dispersion coefficient including both waveguide and material dispersion is proportional to the second derivative of effective index of guided mode with respect to wavelength and is given by [15] 
where " eff " is effective index of a guided mode calculated by means of the finite element method and is the velocity of light in vacuum. To evaluate the wavelength dependant dispersion from the second derivative of the effective-mode index, Sellmeier equation is applied: ( ) = √ + ( 2 /( 2 − )) + 2 : where = −4.5102, = 12.0582, = 0.0018 m −2 , and = 0.0878 m 2 [13] . We clearly see from Figure 1 that the dispersion curves exhibit one or more zero dispersion wavelengths (ZDW) with increasing separation for larger structures. We also observe a redshift of the first ZDW towards the infrared region when increasing Λ, for a fixed /Λ ratio. When increasing the hole-to-hole spacing, the anomalous dispersion region broadens and shifts towards longer wavelengths. The ability of PCF to tailor the dispersion profiles through several degrees of structural freedom (Λ, ) opens up the possibility of seeding with large wavelengths (4.5-8 m) in the mid-IR for optimum phase matching of nonlinear optical processes leading to the SC generation, as discussed in more detail in Section 3. We also calculate the effective area ( eff ) and the nonlinear coefficient ( ) of the studied PCF. The Ultra parameters of the three PCF under investigation are summarized in Table 1 . The effective area and the nonlinear coefficients are calculated at the chosen optimized pump wavelength ( p ) of each structure. In our simulations of the SCG, we have chosen to pump close to the ZDW in the anomalous dispersion regime to maximize the generated bandwidths.
The studied As 2 Se 3 -based chalcogenide PCFs are designed to have specific dispersion profiles and high nonlinear coefficients . Following the full modal calculations of the As 2 Se 3 -based PCF properties, we need to determine the Raman contribution ℎ ( ) of the As 2 Se 3 chalcogenide material. To this end, we used the measured Raman gain spectrum of an As 2 Se 3 -based fiber reported in [6] the best fit with the results of [10] . The fraction
can be calculated from the Kramers-Kroning relation and has been found to be equal = 0.148 in close agreement with the previously reported values.
Study of the Supercontinuum Generation in As 2 Se 3 -Based PCF
In this section, the generation of supercontinua in the small core highly nonlinear As 2 Se 3 -based PCFs is investigated. The supercontinuum process is described by the generalized nonlinear Schrodinger equation (GNLSE):
where is the loss coefficient, are the various coefficients in the Taylor series expansion of propagation constant at the input pulse's central frequency 0 , and ( ) = 2 / eff ( ) is the nonlinear coefficient. The response function ( ) includes the electronic and the vibrational Raman contributions. The GNLSE of (2) is solved numerically using the splitstep Fourier method implemented in MATLAB.
In our study, we consider three hole-to-hole spacings of 3. performed by Hu et al. in optimizing the bandwidth of the SC generated in As 2 Se 3 -based PCF, we considered larger PCF structures. Our choice was motivated by considering a bit larger pitch Λ because such structures have more broadening from the soliton self-frequency shift (SSFS) since it is proportional to the dispersion. However, larger structures also lead to an increase in the effective mode area, which decreases modal confinement and hence nonlinearity, which in turn is disadvantageous to the SCG. The choice of the chalcogenide material with high nonlinearity compensates the decrease of the nonlinear coefficient of the PCF structure. For the simulations, we considered a secant hyperbolic field profile emerging from a tunable femtosecond laser (0, ) = √ 0 sec ℎ( / 0 ) between = 2.5 m and 5.5 m, where is the time and 0 is related to the full width at half maximum (FWHM) pulse duration.
First we focus our study on the SC generation in the anomalous region, where the key factor of the spectral broadening is the solitonic fission. We set a pump wavelength very close to the ZDW to achieve the solitonic fission and remove the effect of four-wave mixing and amplification of higher-order dispersive waves. Figure 3 shows the output spectra with pitches of 3.5 m, 4.5 m, and 5.5 m. The input pulse has a FWHM of 160 fs with a repetition rate = 82 MHz and a peak power of 1 kW. We define the generated bandwidth as the bandwidth inside frequency limits that are 20 dB down from the peak of the spectrum. For Λ = 5.5 m, the total generated bandwidth is more than 3 m, as shown in Figure 3 . The generated bandwidths were calculated to be around ∼5. the choice of the optogeometrical parameters because they affect the generation of the nonlinear effects. With decreasing the core size of the PCF, the generated bandwidth decreases. So that, a compromise between the core size of the As 2 Se 3 -based PCF and the generated bandwidth has to be found. In order to understand the dynamics behind the SCG, we propose to focus on the largest PCF structure since SC was not reported in such a PCF structure. The physical processes leading to the growth of the supercontinuum were studied by increasing the input energy. Figure 4 shows the supercontinua generated along an As 2 Se 3 -based PCF when Λ = 5.5 m. The generated spectra were calculated for different peak power ranging from 250 to 1000 W corresponding to energies ranging from 45 to 180 pJ. The nonlinear coefficient was calculated to be around = 791 (W⋅km) −1 .
As we are pumping close to the ZDW in the anomalous dispersion regime, the mechanisms leading to the SCG are based on the processes of soliton fission and soliton-related dynamics. In the beginning (Figure 4(a) ), the effect of selfphase modulation first broadens the spectrum so that it extends into the region around 4.3 m and 6.3 m.
When increasing the input power, we observe the growth of a long wavelength peak at = 5.4 m, which is associated with soliton pulse experiencing the Raman solitonself frequency shift. We see the generation of the associated dispersive waves responsible for the short wavelength structure in the range of ∼4 m. For the maximum energy coupled into the As 2 Se 3 -based PCF ( = 180 pJ), the SC spectrum covers more than three optical octaves. We clearly observe the threshold, saturation, and stability of the supercontinuum as it approaches the propagation length of 1 cm (as shown by the dashed line in Figure 4 (d)) with 180 pJ input energy corresponding to 1 kW peak power. Figure 5 depicts the simulated spectrogram representation of the pulse evolution at different energy inside the As 2 Se 3 -based PCF with projected spectral intensity profile. We easily confirm from these representations that the effects of self-phase modulation and self-soliton frequency shift due to the Raman effect are predominant and responsible for the broadband generated spectra. The large nonlinearities and fast response of the nonlinearity of the As 2 Se 3 -based PCF make fibres drawn from this glass well suited for many applications such as spectroscopy, laser induced sources, and optical switches, and optical regenerators for high speed telecommunication systems.
Conclusion
We have computationally investigated supercontinuum generation in sub-cm long As 2 Se 3 -based solid core photonic crystal fiber with a hexagonal cladding of air holes. Ultrabroadband SC was generated in small core chalcogenide PCFs at a peak power of 1 kW. Bandwidths of ∼5.3 m, 5 m, and 3.2 m were calculated for Λ = 3.5 m, 4.5 m, and 5.5 m, respectively. Accurate fit of the Raman response was proposed based on recently published experimental results. The dynamics behind the broadband SC generation in the 6 International Journal of Optics mid-IR region is mainly ruled by the SPM and the soliton-self frequency shift due to the Raman effect. These characteristics make SC generated by short and small core As 2 Se 3 -based PCFs promising for applications requiring fiber based near to mid-IR.
